High-pressure scanning tunneling microscopy was used to study the room-temperature adsorption of CO on a Pt(111) single-crystal surface in equilibrium with the gas phase. The coverage was found to vary continuously, and over the entire range from 10 -6 -760 Torr pressure-dependent moiré patterns were observed, characteristic of a hexagonal or nearly hexagonal CO overlayer. Two different pressure ranges can be distinguished: below 10 -2 Torr, the moiré lattice vector is oriented along a 30°high-symmetry direction of the substrate, corresponding to a pressure-dependent rotation of the CO overlayer with respect to the (1 × 1) Pt surface lattice, while above 10 -2 Torr, the CO layer angle is independent of the pressure. This behavior is analyzed in terms of the interplay of the repulsive CO-CO interaction potential and the substrate potential.
Introduction
Few adsorbate systems have received as much attention as carbon monoxide on transition-metal surfaces. The enormous interest originates from the system's relevance to catalysis, since CO takes part in many important reactions such as CO hydrogenation and oxidation and the Fischer-Tropsch synthesis 1 and transition-metal particles are the most common catalytic materials for these reactions. Notwithstanding these beneficial interactions, carbon monoxide is also an unwanted poison molecule in, e.g., the hydrogen feed for low-temperature fuel cells produced from hydrocarbons. 2 Since all these aspects can be traced back to adsorbate-surface interactions, it is important to acquire a thorough understanding of the properties of the adsorption of CO on transition-metal surfaces.
To date, an impressively detailed knowledge has been gained on the adsorption of CO on Pt(111) under ultrahigh vacuum (UHV) conditions (see, e.g., refs 3, 4, and 5). The relevance of this understanding to industrial catalytic conditions has however been questioned. 6, 7 The divergence of experimental and theoretical results for systems under UHV and catalytic or realistic pressures, respectively, has been designated "the pressure gap", which has to be bridged (see, e.g., ref 8) . Therefore the development of surface-sensitive techniques that are capable of working at elevated pressures has renewed the interest in the CO/Pt(111) system, and a number of recent high-pressure studies have addressed the subject using different techniques. 6, 7, 9, 10 These studies revealed that carbon monoxide forms a hexagonal overlayer on Pt(111) at atmospheric pressure and room temperature. Two different structures were proposed, one close to a (4 × 4)-9CO nonrotated structure, 7 the other one compatible with a ( 19 × 19) R23.4°-13CO commensurate structure. 10 The latter structure has also been proposed for the adsorption of CO in an electrochemical cell at 0-0.2 V electrode potential. 11 In contrast, under UHV and low-temperature conditions, a series of nonhexagonal commensurate structures is observed. 3, 4, 12 These are the c(4 × 2) or ( 3 × 2)rect (θ ) 1 / 2 , where θ is the coverage (ref 13)) and c( 3 × 5)rect (θ ) 3 / 5 ), ( 3 × 3)rect (θ ) 2 / 3 ), and c( 3 × 7)rect (θ ) 5 / 7 ) structures; the latter three can be cast in a unified picture in which unit stripes of the c(4 × 2) structure separated by domain walls of higher, structure-specific CO density. 4 It is not yet clear, however, whether these lattice gas structures represent global or local minima of the potential energy surface.
While it was shown that a hexagonal CO overlayer can also be produced under vacuum conditions when the sample is cooled sufficiently, 3,10 the understanding of the atomic-scale details of the room-temperature adsorption structures of CO on Pt(111) over the entire pressure range from UHV pressures up to atmospheric pressure is still incomplete. In particular, no study has been able to unambiguously determine the adsorbate structure for the complete pressure range from UHV to one atmosphere.
For the present study we used high-resolution scanning tunneling microscopy (STM) to unravel the room-temperature adsorption structures of CO/Pt(111). At all pressures above 10 -6 Torr, we observed moiré patterns characteristic of the formation of a hexagonal CO overlayer on the hexagonal Pt(111) surface. The superposition of the two hexagonal lattices leads to a beating phenomenon resulting in the moiré pattern. A one-dimensional analogy is given by the sum of two sine functions with slightly different frequencies. At low CO pressures, up to 10 -2 Torr, the moiré pattern is characterized by a lattice vector oriented along one of the high-symmetry directions of the substrate, while at higher CO pressures, a rotation of the pattern is observed. In the following, we discuss these results in the context of existing theories and compare them to available UHV low-temperature data and results obtained in electrochemical cells.
Experimental Section
The experiments were performed in a UHV chamber equipped with a home-built Aarhus scanning tunneling microscope as well as UHV standard equipment for sample cleaning and charac-terization. 14 Connected to this chamber is a gold-plated cell containing the newly developed Aarhus high-pressure scanning tunneling microscope. 15 With this, STM experiments can be carried out at pressures of up to 760 Torr of pure gases or gas mixtures. Sample transfer between the systems takes place under clean conditions, i.e., without removing the sample from the vacuum. The gas exposure system of the high-pressure cell has been designed to avoid nickel-carbonyl (Ni(CO) 4 ) formation, which is of utmost importance when working with CO. For that purpose, the gas line has been constructed primarily using copper tubing instead of stainless steel. Furthermore, just prior to the inlet, the CO is passed through an activated high surface area carbon powder filter heated to ∼400 K, over which the Nicarbonyls dissociate, leaving the Ni behind. The efficiency of this system was checked by performing Auger electron spectroscopy after extended high-pressure CO exposure and subsequent pump-out.
The sample was cleaned in the UHV chamber following standard sample cleaning procedures: 30 min 800 eV Ar + sputtering, followed by an annealing procedure (in case of severely contaminated samples, 10 min annealing at 800 K in 10 -7 Torr O 2 plus 3 min annealing at 1000 K in UHV, otherwise just UHV anneal). The experiments at low and medium pressure (up to 5 × 10 -4 Torr) were then performed in the UHV chamber, while those at higher pressures up to 760 Torr were performed in the high-pressure cell. For pressures between 0.1 and 100 Torr, electric discharges between the closely spaced piezo electrodes may occur. We thus always work at a total pressure of close to 760 Torr in the high-pressure cell. Because of its unreactive nature, ultrapure argon as commercially available is used for backfilling from the desired CO pressure up to the working pressure. Figure 1 shows two typical STM images of CO adsorbed on Pt(111) at room temperature. Image a was recorded at a CO pressure of 10 -2 Torr, image b at 720 Torr. In both images, two hexagonal structures coexist, one with a short and one with a longer periodicity. The short-periodicity hexagonal lattice is the image of either the Pt(111) substrate (panel a) or the CO overlayer (panel b), while the long-periodicity lattice (the moiré lattice) is characterized by the periodic height modulation induced by the superposition of the hexagonal CO adsorbate layer and the Pt(111) surface. 16 Similar images, all of which exhibited moiré patterns, were obtained at the other investigated pressures.
Results
We observed quite generally that we could not image the CO molecules at pressures below 0.1 Torr (at room temperature), but instead we sampled the underlying Pt(111) substrate, as in Figure 1a . The measurement of the moiré pattern with a hexagonal shape, however, proves the presence of a hexagonal CO overlayer. The invisibility of CO adsorbed on Pt and other metal surfaces in STM is known to occur under certain conditions (see, e.g., refs 18, 19, and 20).
Performing fast Fourier transforms (FFT) on the STM images allowed us to measure the periodicities and angles of the Figure 2a , it is seen that the adsorbate lattice vector can be determined even if the adsorbates are not visible in the STM image, since the moiré spots appear as satellites around the substrate spots. 21 The substrate spots can be identified unambiguously by comparison to the Fourier transforms of images taken on the clean Pt(111) crystal. Figure 3 shows these parameters as a function of the CO partial pressure ranging from 10 -6 to 760 Torr. In panel a, the moiré superlattice constant d M is plotted in units of the Pt(111) substrate nearest neighbor distance d S ) 2.77 Å. In panel b, the filled circles refer to the rotation angle Ψ between the substrate and moiré lattice and the open circles to the rotation angle between the substrate and adsorbate lattice. In addition, crosses indicate values for which were derived from the moiré parameters only as described in ref 21. The procedure proved to be useful in case of barely visible satellites and gave additional confidence, since these values coincide with the values determined directly from the images within the measurement uncertainty. From Figure 3b , we can identify two regimes with different types of incommensurate moiré superstructures. In the pressure range from 10 -6 to 10 -2 Torr, we observe a moiré pattern, which is rotated by a fixed angle of Ψ ) 30°w ith respect to the Pt(111) substrate, whereas the adsorbate angle decreases from about 14 to 10°. At the same time, the lattice constant of the moiré pattern changes approximately linearly with the logarithm of the CO pressure. At CO pressures above 10 -2 Torr, Ψ decreases, while remains approximately constant at about 10°. Close to atmospheric pressure, the moiré lattice constant d M approaches a fixed saturation value.
In panels c and d of Figure 1 , a schematic model of the CO structures observed at 10 -2 and 720 Torr is given. The ball model in panel c was created with the Ψ, d M , d A , and values from the measurement. The structure at 720 Torr is compatible with a ( 19 × 19) R23.4°-13CO commensurate structure, and the corresponding values were used in panel d.
Knowledge of the substrate and adsorbate lattice constants allows one also to determine the CO coverage, which is given by θ ) (d S /d A ) 2 ) (q A /q S ) 2 . Figure 4 shows how the coverage increases continuously with CO pressure in the range of 10 -8 -10 3 Torr. Toward atmospheric pressures, the CO coverage saturates due to the increasingly repulsive CO-CO interaction. We confirmed that the variation of the CO coverage was reversible by first exposing the sample to a CO pressure of 760 Torr and then adjusting the pressure to a lower value. The structural parameters were the same as for a sample that was exposed to the lower pressure only. The results for the CO coverage are in good agreement with the previously determined CO coverages at 10 -8 Torr (θ ) 0.5) 3 and 760 Torr (θ ) 0.68). 10 The CO coverage given for 10 -8 Torr corresponds to the c(4 × 2) structure observed in low-energy electron diffraction (LEED). 3, 22 Discussion From Figure 4 , the coverage of CO on Pt(111) at room temperature is seen to vary continuously (and reversibly, as outlined above) over the pressure range from 10 -6 to 760 Torr. The observed CO structures were hexagonally ordered. The finding of a continuous variation of the CO coverage with pressure and the observation of hexagonal, ordered overlayer structures for all pressures above 10 -6 Torr is in contrast to the CO/Pt(111) lattice gas structures found in the same coverage range at lower pressures and temperatures. 3, 4, 12 The formation of lattice gas structures would lead to a phase diagram with alternating regimes of ordered and disordered CO overlayers. 4 . can also be calculated from dM, dS, and Ψ (crosses). 21 In those cases, where two equivalent domains were observed (rotation of the moiré and adsorbate lattices by (Ψ and ( with respect to the substrate [11 h0] direction, respectively), the angles for both domains are given. Nevertheless, a true pressure gap is not observed for the CO/ Pt(111) system since cooling of the sample to approximately 170 K leads to an increase in CO coverage and the formation of a hexagonal CO overlayer similar to that at 760 Torr. 10 The formation of moiré structures has been observed previously for a large variety of adsorbate systems. For example, moiré patterns for CO overlayers have been reported for the Ni(111), 23 Ag(111), 24 and graphite 25 substrates and, at a pressure of ∼760 Torr, also for the CO/Pt(111) system. 7, 10 Generally, the occurrence of moiré patterns can always be expected when the adsorbate lateral repulsive potential V l balances or exceeds the corrugation ∆U of the adsorbate-substrate interaction potential. In the V l . ∆U and infinite lattice limit, the resulting structure can be viewed as a mere superposition of two perfect, in this case hexagonal, lattices of the substrate and adsorbate, respectively. Because of the small difference in the adsorbate and substrate lattice constants, a long-periodicity (given by the moiré wave vector) height modulation is then observed. 16 In the case V l ≈ ∆U, the situation is more complicated and has received considerable theoretical interest. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] The various theories predict an alignment of the moiré vector in preferred directions if the molecules are able to relax their positions with respect to the perfect hexagonal overlayer lattice [26] [27] [28] [29] [30] [31] [32] and/or if the system has a finite size. [33] [34] [35] [36] References 33-36 put forward a "high-symmetry hypothesis" according to which the adsorbate layer rotates by an angle such that the resulting incommensurate moiré superlattice is either oriented along a highsymmetry direction of the substrate or along a high-symmetry direction of the adsorbate layer. Numerical calculations showed that these situations correspond to an energy minimum, since the number of adsorbates in or close to low-energy sites is maximized. 34, 35, 36 The maximization is solely due to a finitesize effect, with relaxation only resulting in a second-order correction.
In Figure 5 3 and 0.4, i. e., coverages below 0.6 monolayers, the experimental data points are found to be in good agreement with the Ψ S ) 30°solution found from the high-symmetry hypothesis, i.e., the moiré vector aligns with the 30°high-symmetry direction of the substrate (which corresponds to the [12 h1] direction). For misfit values lower than 0.3, however, a deviation from the theoretical lines is observed. As the compression of the CO layer continues, i.e., for lower values of (
remains constant at approximately 10°within the error bars, whereas Ψ decreases from 30°to about (24°(cf. Figure 3b) .
The alignment of the moiré vector with the 30°substrate direction indicates that the particular rotation of the adsorbate layer is due to the finite size of the substrate. 35, 36 The role of the substrate boundaries is played by the substrate steps, which are oriented along the [11 h0 ] and equivalent directions. It would be interesting to confirm this result in experiments using samples with varying step density.
As established above, the moiré vector does not align with any of the substrate high-symmetry directions at pressures above 10 -2 Torr. The energy gain associated with this transition (see discussion below) thus does not give a sufficiently high impetus to achieve the rotation. We can analyze the situation in further detail by taking the form of the substrate interaction potential U and the strength of the lateral interaction V l into account. The exact form of V l has not yet been determined (see refs 38-41), but an approximation is given by the semiempirical CO-CO pairwise interaction potential in ref 42 . A qualitative sketch of U is given in Figure 6 , and Table 1 reproduces some potential parameters, derived from the semiempirical single-molecule potential curve 43 of ref 42 . The top sites are energetically most favorable, followed by the bridge sites. [3] [4] [5] Here we assume that the maximum of the potential energy barrier U tb between top and bridge sites lies below the local potential energy minimum U h at hollow sites, in agreement with the calculations in ref 38 and the experimental findings of ref 11 . As a consequence, the hollow sites are not occupied over the entire investigated pressure range, in agreement with the results of ref 11 . The observation of a hexagonal superstructure is not contradicted, since we expect the positions of the adsorbed CO molecules to be relaxed with respect to a perfect hexagonal overlayer. In addition, the area of the near-hollow sites amounts to a relatively small fraction of the total surface area only, so that these sites do not necessarily have to be occupied in a close-to-hexagonal overlayer.
Relevant for a comparison of the lateral interaction energy and the corrugation of the substrate potential are the barriers between the different sites. In the analysis, we have to take into account that the measurements are carried out at room temperature. A crude estimation for the effective barrier height is derived by assuming parabolic and isotropic oscillators. The resulting values for the effective barriers between the bridge and on-top sites, ∆U tb-t ≡ U tb -〈U t 〉 -U t , as seen from the on-top potential-energy minimum and ∆U tb-b ≡ U tb -〈U b 〉 -U b as seen from the bridge minimum, are given in Table 1 . ∆U tb-t and ∆U tb-b represent the room-temperature effective barrier heights relative to the mean energy of the molecule inside the potential wells (see the Table caption) , which were assumed to be parabolic, while U t , U b , and U tb are the parameters of the potential energy surface for the on-top and bridge sites and the barrier between these (cf. Figure 6) . 42 For the on-top sites, the lateral repulsion energy V l is smaller than the barrier height ∆U tb-t at the onset of the high-symmetry moiré phase with θ ≈ 0.5. At θ ≈ 0.6, corresponding to the rotational transition at 10 -2 Torr, V l is essentially equal to ∆U tb-t . In contrast, the barrier as seen from the bridge sites, ∆U tb-b , is found to be smaller than the lateral repulsion V l over the entire coverage range of 0.5-0.6. This indicates that the occupation of top sites is decisive for the formation of the high-symmetry moiré phase at lower CO pressures.
At pressures above 10 -2 Torr, the orientation of the moiré superstructure along the high-symmetry direction Ψ ) 30°is not maintained. Hence, the rotation concomitant with such an alignment is not favorable anymore, and instead, the CO adsorbate layer keeps a constant orientation with respect to the substrate. In this pressure regime, the lateral repulsion exceeds the barrier height between the on-top and bridge position, irrespective of whether these are measured with reference to the bridge (∆U tb-b ) or on-top site (∆U tb-t ). Hence the tendency of the CO molecules to occupy (near) top sites is reduced. We therefore propose that the increasing dominance of the lateral repulsion over the barrier height ∆U tb-t causes the deviation from the high-symmetry direction just above 10 -2 Torr.
However, close to 760 Torr, the occupation of top sites again becomes decisive, namely, for the formation of a commensurate ( 19 × 19) R23.4°-13CO structure. In this commensurate structure, a very high number of CO molecules can sit exactly on top sites. We note that the electrochemical study of Villegas and Weaver 11 indicates that going from a negative to a slightly positive sample bias leads to a switching from a (2 × 2)-3CO structure to the ( 19 × 19) R23.4°-13CO system. The rotation concomitant with such a transformation indicates an enhanced stability of the ( 19 × 19) structure. Together with the present results, this finding suggests that the occupancy of a high number of on-top sites to some extent can outweigh the lateral repulsion even at high coverages.
The energy gain due to the formation of the commensurate ( 19 × 19) R23.4°-13CO structure is judged to be higher than the energy gain that would result from a reorientation of the incommensurate moiré superstructure along Ψ ) 30°just above 10 -2 Torr. We suggest that above 10 -2 Torr the lateral forces are sufficient to exceed the corrugation of the substrate potential. Hence a simple reorientation along a high-symmetry direction is prevented but not the formation of a particularly stable commensurate structure.
Summary
In conclusion, we have determined the room-temperature surface structure of CO on Pt(111) over the entire pressure range of 10 -6 -760 Torr. For all pressures, the formation of a hexagonal or quasihexagonal CO overlayer is observed, showing that for CO/Pt(111) a true pressure gap cannot be established. Nevertheless, extreme care has to be taken when relating UHV results to systems operating under realistic conditions such as atmospheric pressure. One has to consider (a) the existence of different commensurate vacuum structures on cooled samples (see, e.g., refs 3 and 4) and (b) the subtle differences between the reported hexagonal structures in terms of the adsorbate layer rotation angle.
In further detail, the CO adsorbate layer is continuously compressed with increasing pressure, resulting in a continuous coverage variation from 0.5 to 0.7. The orientation of the moiré superlattice, whose formation is due to the superposition of the hexagonal adsorbate layer with the hexagonal substrate, is pressure dependent. First, for coverages between ∼0.5 and 0.6, the moiré pattern is rotated by 30°with respect to the [11 h0 ] direction of the Pt(111) substrate. The orientation can be explained in terms of a maximum occupation of high-binding energy sites for a substrate of finite size, 35, 36 where the size is given by the surface terraces. Second, at a coverage of 0.6, the system undergoes a rotational phase transition. Above this coverage, the rotation angle of the adsorbate layer with respect to the substrate does not change anymore. We explain this behavior in terms of an increasing importance of the repulsive lateral molecular interaction, which starts to dominate over the corrugation of the substrate interaction potential. A quantitative analysis based on previous results 42 supports our explanation. 0  60  300  6  37  294  203  200  290  300  0  60  300  72  60  248  180  200  290 a ∆Utb-t and ∆Utb-b represent effective barrier heights relative to the mean energy of the molecule inside the potential wells, which were assumed to be parabolic. These effective barrier heights are derived assuming isotropic oscillators with energies 〈Ut,b〉 ) pωt,b + pωt,b/(exp(pωt,b/kT) -1), where pωt ) 48 cm -1 and pωb ) 300 cm -1 are the vibrational motion frequencies in the top and bridge positions, respectively. 42 The values defining the potentials (Ut, Ub, Utb, and Vl) have been taken to be temperature independent.
(16) Note that the observation of a moiré pattern in STM in general is due to a combination of electronic and geometric effects. In fact, it has been argued that the imaging of moiré patterns in STM is not due to the modulation of the topography, but to (three-dimensional) tunneling from the buried interface. 17 In this model, the enhanced visibility of the moiré pattern is explained in terms of the larger decay length of the long-periodicity wave function, which is associated with the moiré lattice and which is produced by multiple scattering. The exact imaging mechanism is not important in the present context though, since the presence of a moiré pattern unambiguously proves the presence of a (nearly) hexagonal CO adsorbate layer.
( (21) In some cases, the satellites were not visible in the STM. In these cases, and as an additional confirmation to the others, the CO lattice parameters can be inferred from the measured moiré superlattice parameters. From Figure 2b , one can derive the following formula:
(1)
Ψ is taken to be the smallest positive angle between the substrate and moiré lattices. This set of equations allows a determination of all relevant angles and lattice vectors.
(22) The LEED images observed by Ertl et al. 3 exhibit clear spots at temperatures below and more diffuse spots at room temperature, which points to some degree of overlayer disorder at room temperature. The clear LEED pattern can be recovered by sample cooling, and hence the coverage is the same in both cases (θ ) 0.5).
( 
